The possibility of obtaining a high specific input energy in an electron-beam sustained discharge ignited in oxygen gas mixtures O 2 : Ar : CO (or H 2 ) at the total gas pressures of 10-100 Torr was experimentally demonstrated. The specific input energy per molecular component exceeded ∼6 kJ l −1 atm −1 (150 kJ mol −1 ) as a small amount of carbon monoxide was added into a gas mixture of oxygen and argon. It was theoretically demonstrated that one might expect to obtain a singlet delta oxygen yield of 25% exceeding its threshold value needed for an oxygen-iodine laser operation at room temperature, when maintaining a non-self-sustained discharge in oxygen gas mixtures with molecular additives CO, H 2 or D 2 . The efficiency of singlet delta oxygen production can be as high as 40%.
Introduction
Great success has been obtained in the research and development of a chemical oxygen-iodine laser (COIL) [1] [2] [3] . The active medium of a COIL is atomic iodine emitting photons when changing its electronic state: I * ( 2 P 1/2 ) → I( 2 P 3/2 ) + hν. Atomic iodine in the excited state I * ( 2 P 1/2 ) is produced by energy transfer from the singlet delta oxygen (SDO) O 2 (a 1 g ) molecule:
But application of the COIL is limited because the SDO is produced in a chemical generator using toxic and dangerous chemicals. One of the alternative procedure for SDO production is SDO generation in an electric discharge. The procedure has been known since the 1950s (see, for instance, review [4] ) and was applied in [5] (with a negative result) for the development of an electric discharge oxygeniodine laser (OIL) long before the development of COIL. One of the possible reasons for the negative result is the fact that for achieving a positive gain in any OIL the SDO yield, 3 )] are concentrations of SDO and oxygen in a ground state, has to exceed its threshold value Y th = 15% at T = 300 K [6] . A 21% yield under a MW discharge and 32% yield under an RF discharge excitation were quite recently demonstrated [7] [8] [9] . Moreover, iodine threshold lasing was claimed in [9] to be observed when mixing SDO with iodine, which looked more probably like iodine luminescence, because there was no notable spectral line narrowing. However, the values of SDO partial pressure (<1 Torr) in these experiments seem to be of little, if any, practical interest because the gas pressure should be ∼10 Torr or higher for modern OIL technology. A DC electric discharge has also been used for SDO production in different works (see [10, 11] for instance), ∼30% yield being claimed in the 1980s [10] and ∼10% yield at the end of the 1990s [11] .
A self-sustained discharge was applied for SDO production in all these papers [4, 5, [7] [8] [9] [10] [11] . The efficiency of excitation of oxygen from the ground state into the singlet state O 2 (a 1 g ) versus a reduced electric field strength E/N was demonstrated in [12] [13] [14] to have a maximum at E/N ∼ 10 Td = 10 −16 V cm 2 . Only non-self-sustained discharge can exist at such an electric field that is too low for selfsustained discharge maintenance. An SDO yield of ∼16% was reported in [12] , where the non-self-sustained discharge using 0022-3727/03/080982+08$30.00 © 2003 IOP Publishing Ltd Printed in the UK ionization by high-voltage pulses was applied for the excitation of oxygen. The non-self-sustained combined discharge in which RF discharge was applied to low-temperature plasma formed by an AC discharge was studied in [13] . It was pointed out in [14] [15] [16] [17] that the electron-beam-sustained discharge (EBSD) characterized by E/N ∼ 10 Td can be used as a non-self-sustained discharge for SDO production. The EBSD at such an electric field was successfully applied for the excitation of molecular CO 2 -, CO-and N 2 O-lasers (see [18] for instance).
The EBSD in pure oxygen was experimentally studied in [19] . The specific input energy (SIE) did not exceed ∼90 J l −1 atm −1 at the pump volume of ∼60 cm 3 . It was suggested in [20] to apply the high-pressure (1.2 atm) EBSD for the SDO production and the development of an electric discharge OIL. However, the SIE per partial oxygen pressure was not higher than ∼150 J l [19, 20] only 2-3% of oxygen molecules comes into the a 1 g state at best (at 100% pump efficiency).
Therefore, up to now, it was not possible to achieve in the EBSD an SIE into oxygen giving any opportunity to obtain a high SDO yield. The possibility of obtaining a high SIE higher than that previously observed in oxygen mixtures at gas pressure 10-100 Torr and pump volume adequate to a modern high-power OIL technology is demonstrated in this paper. In the experiments, no attempt was made to control gas temperature resulting in a strong increase of it at the end of discharge pulse. It is necessary to keep gas temperature sufficiently low to develop OIL. In an assumption that this can be made without remarkable change of discharge properties, the possibility of achieving the SDO yield needed for the OIL development is theoretically estimated. The efficiency of transformation of energy loaded into the non-self-sustained discharge into the energy accumulated by the SDO is also theoretically analysed.
Experimental facility
A pulsed EBSD facility was used for the study of non-selfsustained electric discharge in oxygen gas mixtures. The electric conductivity of gas in a non-self-sustained EBSD is created by an external source of ionization. In the experiments, a pulsed e-beam with electron energy of ∼150 keV, current density up to ∼10 mA cm −2 at a pulse length of ∼100 µs was applied to the gas for its ionization. Volumetric gas discharge was maintained in the EBSD chamber with active volume V 0 = Sd ≈ 18 litre, where S is the area of the anode with the length of 1.2 m and d = 93 ± 1 mm is the gap length between the electrodes.
High voltage was applied to the anode from the capacity bank with the total capacitance C t ≈ 370 µF. The energy Q t loaded into the EBSD was determined by measuring the initial voltage U 0 and final voltage U 1 between the discharge electrodes: Q t = C t (U shunt was used for measuring the time behaviour of EBSD current pulse. The time behaviour of the current pulse was detected by an oscilloscope.
Experimental results
The features of the pulsed EBSD in oxygen gas mixtures were studied in the experiments. The energetic characteristics of the EBSD in pure oxygen are presented in figure 1 . Figure 1 (a) demonstrates the dependence of the SIE Q s = Q t (V 0 p) −1 on the initial reduced electric field strength E/p = U 0 (dp) −1 at different gas pressures from 3 up to 105 Torr. The maximum value of the SIE for pure oxygen does not exceed 100 J l −1 atm −1 and is limited by an arc formation of the electric discharge (vertical arrows in figure 1 and other figures) . The dependence of the SIE Q s on the gas pressure at the same parameter E/p = 4 kV cm −1 atm −1 (E/N ≈ 15 Td) is shown in figure 1(b) . This dependence has a maximum at the gas pressure ∼30 Torr. For comparing maximum values of the SIE measured for different gas mixtures, most of the experiments were carried out at the same gas pressure p = 30 Torr.
Dilution of oxygen by argon, that is well ionized by the e-beam, gives the opportunity to enhance the conductivity of the EBSD at the same value of the E/p parameter. It leads to the increase of the SIE and the largest fraction of the energy goes into the excitation of internal degrees of freedom of a molecular component.
One can see in figure 2 the dependences of the SIE Q m = Q s (p/p m ) per molecular component partial pressure p m (in the given case the molecular component is oxygen) on the E/p parameter. When increasing argon concentration in the gas mixture O 2 : Ar, the maximum value of the SIE increases from ∼80 to ∼600 J l −1 atm[O 2 ] −1 (gas mixture O 2 : Ar = 1 : 9). On the other hand, the maximum reduced electric field strength (E/p) max , at the higher values of which arcing of the EBSD takes place, decreases from ∼4.3 kV cm −1 atm −1 (for the gas mixture O 2 : Ar = 1 : 0) to ∼1.5 kV cm −1 atm −1 (O 2 : Ar = 1 : 9). Strong current oscillations were observed in the time behaviour of EBSD current pulses as the electric field in gas mixtures O 2 : Ar increased. The amplitude of these oscillations increased with the E/p parameter rise. Figure 3 (a) demonstrates the wave form of the EBSD current pulse for the gas mixture O 2 : Ar = 1 : 1 with oscillations in the middle of the pulse. The physical mechanism of the instability, which results in such EBSD current pulse oscillations in gas mixtures of oxygen with argon, was discussed in [21] . This mechanism is due to the fact that an electron drift velocity for such mixtures can decrease with the electric field rise within some range.
One can see a flat part of the curve corresponding to the E/N parameter between ∼2.5 and 6 Td (0.25-0.6 × 10 −16 V cm 2 ) in figure 4 , which presents the calculated dependence of the electron drift velocity V e on the E/N parameter for the gas mixture O 2 : Ar = 1 : 1 (curve 1). In gas, such a dependence of V e on E/N can result in the formation of moving layers in plasma and current oscillations. But, if a small amount (∼5%) of carbon monoxide CO is added to such a mixture, the electron drift velocity transforms into the monotonically rising function of the electric field strength (curve 2). In the experiment, the addition of CO (or H 2 ) into the gas mixture O 2 : Ar resulted in the strong decrease of EBSD current oscillations ( figure 3(b) ). Moreover, the addition of CO or H 2 into the gas mixture CO : Ar enabled us to enhance the maximum electric field strength (E/p) max in the EBSD and, accordingly, to significantly increase the value of the SIE Q m (figures 5 and 6). It should be pointed out that the same effect was observed in [22] [23] [24] , where an addition of CO to nitrous oxide N 2 O resulted in considerable enhancement of the SIE in the EBSD and the development of an efficient N 2 O laser. In both cases, the major function of carbon monoxide is the decrease of the negative ions O − in a discharge due to the
which results in the enhancement of a concentration of free electrons, an EBSD current, and an SIE. Besides, addition of CO effects on a shape of electron energy distribution function, a result of which is studied in theoretical part of this paper. The same reaction takes place as hydrogen or deuterium is added into an oxygen mixture:
The influence of carbon monoxide on EBSD characteristics was studied at its addition to pure oxygen. Figure 5 presents the dependence of the SIE Q m (in the given case Q m = Q s ) on the electric field strength E/p for pure oxygen and the gas mixture O 2 : CO = 1 : 0.1. The addition of 10% carbon monoxide results in almost a threefold enhancement of the maximum electric field strength (E/p) max up to ∼12 kV cm −1 atm −1 , the maximum SIE Q m coming up to ∼2200 J l −1 atm −1 . The addition of 5% carbon monoxide to the gas mixture O 2 : Ar = 1 : 1 at the same total pressure of the mixture 30 Torr results in the (E/p) max parameter rising up to ∼10 kV cm −1 atm −1 (figure 6) for the gas mixture O 2 : Ar : CO = 1 : 1 : 0.1 and the SIE Q m per molecular components of the mixture (O 2 and CO) coming up to ∼6500 J l −1 atm −1 or ∼150 kJ mol −1 in other units. When using helium instead of argon (O 2 : He : CO = 1 : 1 : 0.1) or 2.5% hydrogen instead of ∼5% CO (O 2 : Ar : H 2 = 1 : 1 : 0.05), the (E/p) max parameter for these mixtures appears to be less than that for the gas mixture O 2 : Ar : CO = 1 : 1 : 0.1. Nevertheless, the maximum value of Q m comes up to ∼2000 J l −1 atm −1 . A high conductivity of the gas mixture resulted in the fact that the voltage remaining on the capacity bank after the EBSD pulse was far less than its initial value U 1 U 0 . Therefore, the dependences in figures 5 and 6 for the gas mixture O 2 : CO = 1 : 0.1 have the form of the square function Q m ∼ (E/p) 2 , the value of the reduced electric field strength E/p averaged over the EBSD pulse duration being E/p ≈ 0.5E/p.
The increase of argon concentration in the gas mixture O 2 : Ar : CO = 1 : 1 : 0.1; 1 : 4 : 0.1 and 1 : 10 : 0.1 at the same ratio of the molecular components (O 2 and CO) results in a considerable (more than five times) decrease in the (E/p) max parameter. The dependence of the maximum (E/p) max parameter on the gas pressure for two gas mixtures O 2 : Ar = 1 : 1 and O 2 : Ar : CO = 1 : 1 : 0.1 is presented in figure 7 . For the two-component gas mixture O 2 : Ar, the value of (E/p) max changes just a little with a gas pressure rise of ∼3 kV cm −1 atm −1 . For the three-component mixture O 2 : Ar : CO, the value (E/p) max drops nearly linearly with a gas pressure increase. At the gas pressure 15 Torr, the addition of carbon monoxide to the gas mixture O 2 : Ar results in a rise in the (E/p) max parameter nearly three times up to ∼9.5 kV cm −1 atm −1 . But at the gas pressure ∼90 Torr, the carbon monoxide addition results even in (E/p) max drop comparing to the mixture O 2 : Ar = 1 : 1. Therefore, the gas mixture O 2 : Ar : CO = 1 : 1 : 0.1 at the total pressure 15-30 Torr ought to be used for achievement of maximum values of SIE. The experiments demonstrated that the addition of CO or H 2 gives the possibility to considerably enhance the stability of the EBSD in oxygen gas mixtures and reach the high value of the SIE ∼6.5 kJ l −1 atm −1 or ∼150 kJ mol −1 per molecular components of the mixture in a large (∼18 litre) volume of excitation. At such a value of the SIE, one can expect the SDO yield to be higher than its threshold value Y th for an OIL at room temperature. Assuming that the gas temperature is controlled independently to be equal to 300 K, a theoretical model was developed. An important issue is the fact that, when adding molecular gases, a fraction of energy loaded into the electric discharge goes into their excitation. The numerical modelling of kinetic processes taking place in an EBSD plasma was performed to estimate the role of inelastic processes of electron interaction with the molecular additives CO, H 2 and D 2 .
Theoretical estimation of the SDO yield in EBSD
To simulate these processes, a kinetic model was employed, which is an extension of a model described in detail in [25] where it was successfully implemented for the prediction of the reduced electric field strength E/N in a positive column of a self-sustained discharge in oxygen with 50% in the a ) are involved, were included. These are: de-excitation by electrons; electron attachment; electron-impact induced transitions to higher electronic levels and into dissociation and ionization. Taking into account that electronic terms for ground and singlet states have similar shapes, the cross-sections for upward transitions from O 2 ( 1 g ) were found from cross-sections for respective transitions from the ground state by shifting the electron energy to 0.98 eV. This model was extended to describe SDO production in an EBSD in mixtures of O 2 with Ar and molecular gases CO, H 2 and D 2 . Namely, the following processes were included additionally: the electron impact excitation of vibrational levels of molecular additives; the electron detachment from O − in collisions with CO, H 2 and D 2 molecules; the ionization and electronic states excitation of additional components; and the recombination with new appearing ion types. Some of these processes are listed in table 1.
The results of the numerical simulations demonstrated that the exact value of vibrational temperature of molecular additives plays an important role in kinetics, in particular in case of CO molecules. Ignoring the vibration-vibration (VV) energy exchange results in a strong growth of vibrational temperature with the energy input. Then the second-kind collisions with excited molecules come essentially into the game, and energy flow into molecular vibrations saturates.
Actually, VV-exchange due to an anharmonicity of molecular vibrations leads to the redistribution of energy from lower to higher levels and the restriction of vibrational temperature of lower levels by a value determined from equilibration of VV-exchange and electron-impact excitation rates [31] . Therefore, the discharge model developed in [25] was extended to describe vibrational kinetics in an analytical approximation. In this approach, the vibrational temperature of the lower level T v was calculated following a procedure described, e.g. in [31] . The specific vibrational distribution function at lower levels has the form
where E 1 is the energy of the first vibrational level, and E is the anharmonism energy. This function describes the actual vibrational distribution function at v < v
; v * is the so-called Treanor number. Distribution (5) was made equal to the function f v = c(V + 1) −1 at the level v = v * . The factor c can be expressed in the form c = (W/ν) 0.5 , W is the rate of vibrational level excitation, and ν is the effective VV-exchange rate, which was defined in [32] . This analytical approximation accounts for the dependence of vibrational temperature at lower levels on pump power and gas temperature.
This method was employed when considering mixtures with CO or H 2 additives. For D 2 as an additive, VV-exchange is two orders of magnitude slower than for CO and H 2 [32] . It begins to play a role long after the excitation pulse termination. In this situation, VV-exchange can be ignored in modelling. The cross-sections for electron impact excitation of H 2 and D 2 vibrations were taken from papers [28, 29] , respectively. The cross-sections for the electron impact vibrational excitation of CO molecules were taken from [26] and multiplied by a factor of 1.3 following recommendations in the paper [27] .
The excitation of molecular vibrations in additives may result in a falling SDO excitation efficiency. Figures 8-11 show the discharge power fraction, which electrons spend on excitation of SDO molecules, as a function of E/N in gas mixtures of O 2 : Ar with CO, H 2 and D 2 as additives for the gas temperature 300 K. Figure 8 
where η SDO is the energy fraction of direct electron excitation; η i is the energy fraction spent in the ith process; P i is probability of SDO formation from the electronic state produced in the ith process; u SDO is the energy of the a 1 g state relative to the ground state; and u i is the electron energy spent in the ith process. For the mixture O 2 : Ar = 1 : 1 the maximum of the effective energy fraction spent on the formation of SDO is ∼56% at E/N = 0.69 × 10 −16 V cm 2 . Figure 9 demonstrates that the addition of 5% CO to this mixture results in some redistribution of the electron energy balance between the excitation of the SDO and vibrations of CO. The maximum effective energy fraction going into the SDO is about 18% at E/N = 2.2 × 10 −16 V cm 2 . The reduced electric field E/N, for which the effective excitation of the SDO is maximum, strongly increased with CO addition. This is explained by a rather big value of cross-sections for the excitation of CO molecule vibrations. The addition of 2.5% H 2 or D 2 does not result in such a strong change in the electron energy balance in the discharge (figures 10 and 11), since molecular vibrations of H 2 and D 2 are excited to a lesser degree than for CO molecules. The maximum effective energy fraction going into the SDO formation is 43% at E/N = 0.85 × 10 The dependence of the SDO yield on the discharge energy input shown in figure 12 was calculated for different gas mixtures at the gas pressure 30 Torr and temperature 300 K. It was supposed that an e-beam current was constant within the time interval 100 µs. The reduced electric field strength was taken equal to that which provides the maximum efficiency of the SDO formation for each gas mixture. In the numerical simulations, the magnitude of the energy input in the discharge was varied by changing the e-beam current. The SDO concentration plotted in figure 12 was calculated at the moment 200 µs after the discharge started and 100 µs after its termination. Analysing input energy as a function of the e-beam current, the dominance of recombination processes in the plasma electron density decay was found. This evidences that electron detachment processes are rather fast in the gas mixture containing oxygen and the molecular additives listed above.
The markers in figure 12 correspond to the experimentally achieved maximum energy input Q s for different gas mixtures. The horizontal dashed line in figure 12 is the threshold SDO yield (15% at T = 300 K) necessary for inversion formation in iodine atoms when exchanging energy with SDO molecules [6] . The numerically computed SDO yield is shown in figure 12 by curves 1-4 as a function of the SIE. The growth of the SDO concentration with the specific energy input is a linear function at low depositions, while the curve slopes are governed by the maximum effective energy fraction going to the SDO formation. For the gas mixture O 2 : Ar = 1 : 1, the maximum SIE Q s realized experimentally in conditions of a stable EBSD was about 100 J l −1 atm −1 . The SDO yield at such SIE is remarkably lower than the threshold one.
The addition of H 2 to the gas mixture leads to a small reduction of the effective energy fraction for SDO production, while the experimental maximum SIE Q s grows significantly approaching a value of 1.3 kJ l −1 atm −1 . At this SIE, the SDO yield is close to the threshold value Y th . With the CO addition, the discharge stability became much higher. As a result, the SIE Q s ≈2.6 kJ l −1 atm −1 was achieved. At this SIE the predicted SDO yield is about 17.5%, which is above the threshold value. Figure 13 shows an energy efficiency of SDO production predicted as a function of the SIE for different gas mixtures. The energy efficiency of SDO production was defined as a ratio of the energy saved in the a 1 g state to the energy deposited into the discharge. At a low energy deposition, the efficiency of SDO production is maximal for the mixture O 2 : Ar = 1 : 1 (curve 1). With the addition of H 2 and D 2 , it decreases a little (see curves 2 and 3). The addition of CO results in a remarkable reduction of the efficiency of SDO production (curve 4). With SIE growth, the efficiency of SDO production falls for the gas mixtures O 2 : Ar and for the mixtures with H 2 and D 2 additives (curves 1-3). In a CO-containing mixture, the efficiency of SDO production grows initially and then decreases a little bit. At an SIE higher than 3 kJ l −1 atm −1 , the efficiency of SDO production for the CO containing mixture is higher than for other mixtures under examination.
The reason for the different behaviour is a higher value of the E/N parameter for the CO-containing mixture. The numerical simulations of the experimental conditions for the CO-containing mixtures predict a maximum of the efficiency of SDO production of nearly 20% (see figure 13 ).
The energy efficiency of SDO production is an important characteristic of an SDO generator for its application in laser development since it is a factor controlling the laser efficiency. In contrast to a self-sustained discharge, the EBSD allows for variation in the reduced electric field strength and the energy input, respectively, within a wide range. In the self-sustained discharge, the energy is deposited at a high E/N value where the ionization is balanced by recombination/attachment processes; hence, O 2 is dissociated significantly. Under such conditions, a high SDO yield can be achieved with a low efficiency of SDO production, only. It is confirmed by the experiments in [8] , where an SDO yield of 32% is achieved at the energy efficiency of SDO production about 2%. Figure 12 shows that the SDO yield saturates with the SIE growth. In calculations, the SIE growth was supposed to be due to the electron concentration increase. The saturation of the SDO yield is explained by the dominating electron impact processes with electron concentration growth. The SDO excitation and de-excitation rates by electron impact depend on the reduced electric field strength. Excited states in this situation play a minor role. Under such conditions, the maximum of the SDO yield Y max can be evaluated solving the electron Boltzmann equation with a proper account of statistical weights of respective levels. Figure 14 figure 12 ). Note that Y max was evaluated earlier in [33] , and its value was limited by the magnitude of 13%. It is hard to indicate a reason for such discrepancy because there is no detailed description of the calculation procedure in [33] . We guess that it is explained by an incomplete account of electron-induced processes in [33] . 
Conclusion
The experimental study of energetic characteristics of the EBSD in oxygen gas mixtures has demonstrated that the addition of CO or H 2 to the gas mixture O 2 : Ar enhances considerably the stability of the EBSD in the oxygen mixture and results in a high value of the SIE, more than an order of magnitude higher than previously published data.
The maximum SIE per molecular component has come up to ∼6.5 kJ l −1 atm −1 (∼150 kJ mol −1 ) for the gas mixture O 2 : Ar : CO = 1 : 1 : 0.1 at the total pressure 30 Torr and pump volume ∼18 litre. It should be emphasized that, in the experiments, the considerable improvement of the EBSD stability in a large volume of excitation is obtained only by the choice of the gas mixture. The well-known technical procedures leading to the increase in EBSD stability (sectioning electrodes, smaller pump volume, etc) can strongly improve the stability of the EBSD and, accordingly, increase the SIE. It has been theoretically demonstrated that one might expect to obtain a SDO yield of 25% exceeding its threshold value needed for an OIL operation at room temperature, when maintaining a non-self-sustained discharge in gas mixtures with molecular additives CO, H 2 or D 2 . The efficiency of the SDO production can be as high as 40%.
Apart from the EBSD, the high SDO yield at high efficiency of its production may also be expected for other types of non-self-sustained discharges, for instance, for electric discharge, ionization in which is effected by short high-voltage pulses, the main input energy being loaded into the decayed plasma [12] .
It should be noted that the given results were obtained for a pulse discharge without gas cooling, which is necessary [14] for an OIL with an electric SDO generator. The principal importance of the obtained data is the experimental demonstration of obtaining such an SIE in an electric discharge, that enables us to get a higher SDO yield than the threshold Y th needed for the OIL operation, if one uses a cooling system. Numerical modelling of kinetic processes taking place in non-self-sustained discharge plasma demonstrates that, at keeping operating temperature close to 300 K, the potential SDO yield is higher than its threshold value. Further decrease in gas temperature will help to develop an OIL using a non-self-sustained discharge SDO generator.
